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[Title of the Invention] Manufacturing Apparatus for Silicon Ribbon and 
Manufacturing Method Thereof 

[Abstract] 

[Object] To obtain an apparatus for and a method of manufacturing a 
fast-drawable silicon ribbon having a controlled thickness, a flat surface 
and high purity while avoiding quenching in solidification. 
[Solving Means] The apparatus is constituted of a silicon heating/melting 
part, a rotary cooler made of a heat-resistant material, a mechanism 
pressure-supplying a silicon melt to the outer peripheral surface of the 
rotary cooler with the pressure of a jet and an enclosure wall dipped in the 
silicon melt. 

[Scope of Claim for Patent] 

[Cl aim l] An apparatus for manufacturing a silicon ribbon constituted of 
a silicon heating/melting part, a rotary cooler made of a heat-resistant 
material, a mechanism pressure-supplying a silicon melt to the outer 
peripheral surface of said rotary cooler with the pressure of a jet and an 
enclosure wall dipped in said silicon melt. 

[Claim 3] The apparatus for manufacturing a silicon ribbon according to 
claim 1, wherein said rotary cooler is made of high- density graphite, and 
the surface of said rotary cooler is coated with a silicon nitride film. 

[Claim 5] A method of manufacturing a silicon ribbon with the apparatus 
for manufacturing a silicon ribbon according to claim 1, setting the 
temperature of the outer peripheral surface of said rotary cooler in a 
temperature range of at least 900°C. 



[0016] 

[Embodiment of the Invention] Figs. 1 to 3 are diagrams related to an 
embodiment of the present invention. 

[0017] Fig. 1 is a schematic sectional view of an apparatus for 
manufacturing a silicon ribbon according to the embodiment of the present 
invention. Referring to Fig. 1, the apparatus is constituted of a crucible 1 
of high-density graphite (Toyo Tanso 1G-11, for example), a stirring 
propeller unit 2, a rotary cooler 3 and an enclosure wall 4 dipped in a 
silicon melt as well as a ceramic wedge 5 and a guide roller 6. Numeral 7 
denotes the silicon melt, and numeral 8 denotes a drawn silicon ribbon. A 
propeller 9 mounted on the forward end of the stirring propeller unit 2 and 
a surface layer 10 of the rotary cooler 3 are coated with silicon nitride films, 
to be deteriorated in wettability with respect to the silicon melt. This 
apparatus for manufacturing a silicon ribbon is set in a chamber sealed in 
an Ar gas atmosphere. A silicon heating/melting part is constituted of the 
aforementioned crucible 1 and high-frequency heating coils provided on the 
side wall and the back surface of the crucible 1. The stirring propeller 
unit 2 is an example constituting a mechanism pressure-supplying the 
silicon melt to the outer peripheral surface of the rotary cooler with the 
pressure of a jet. 

[0018] The rotary cooler 3 is now described. Fig. 2 is a schematic sectional 
view of the rotary cooler 3. In this rotary cooler 3, the surface layer 10 
deteriorated in wettability with respect to the silicon melt is provided on a 
drum 11 of high-density graphite (Toyo Tanso lG-ll) having excellent heat 
conductivity, with flanges (made of stainless steel) 13 provided on both 
ends. Cooling nozzles 14 and 15 are provided at the center for feeding 
cooling gas such as nitrogen. The surface layer 10 is treated with a 
material having inferior wettability with respect to the silicon melt. For 
example, impalpable powder of silicon nitride is dissolved in PVA (polyvinyl 
alcohol), and slurried by a ball mill. This slurry is applied onto the drum 
11 and baked at 900°C for about 2 hours, for forming the surface layer 10. 
The thickness thereof is about several 10 |im, and this silicon nitride film 
strongly adheres to the high- density graphite surface of the base. Through 
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single formation of the applied and baked silicon nitride film, the 
apparatus can be used for manufacturing a single silicon ribbon. 
[0019] A method of manufacturing a silicon ribbon with the apparatus for 
manufacturing a silicon ribbon (Fig. l) is now described. About 40 kg of a 
high-purity polycrystalline silicon raw material (purity- eleven nines 
99.999999999 %) is introduced into the crucible 1 having a volume of about 
25 1, and melted by outputs from the high-frequency heating coils provided 
on the side wall and the back surface of the crucible 1. The relative 
temperature is detected with a pyrometer or a thermocouple, for keeping 
the temperature of the silicon melt higher by about 100°C than the melting 
point (about 1420°C). The propeller 9 of the stirring propeller unit 2 is 
rotated in this state at a rotational frequency of about 100 rpm, for feeding 
the silicon melt 7 into the enclosure wall 4 provided under the rotary cooler 
3. The silicon melt is pressure -supplied to the surface layer 10 of the 
rotary cooler 3 having inferior wettability, overflows the upper portion of 
the enclosure wall 4 and returns to the crucible 1, to be circulated/supplied. 
The depth of the rotary cooler 3 dipped in the silicon melt is estimated to be 
about 20 m at this time. The length of a silicon ribbon obtained by single 
filling of the silicon polycrystalline material is about 40 to 80 m. 
[0020] The silicon melt can alternatively be pressure -supplied to the 
surface layer 10 of the rotary cooler 3 by pressurization with a piston or 
through the difference in elevation between the enclosure wall 4 and the 
crucible 1. 

[0021] While the silicon melt hits the surface layer 10 of the rotary cooler 3 
with a pressure of 10 gf/cm 2 , stress of about 1 kg against the overall growth 
surface (10 by 10 cm) of the substrate is sufficient as the strength for 
holding the drawn silicon ribbon 8 on the rotary cooler 3. As to the 
dimensions of the rotary cooler 3 of this apparatus, a cylindrical cooler 
having a diameter of 20 cm and a length of 12 cm was employed for limiting 
a portion hit by the silicon melt 7 in the enclosure wall 4 to the surface 
layer 10 of the aforementioned rotary cooler 3. In order to cool this rotary 
cooler 3, industrial high -purity nitrogen gas was fed at a flow rate of about 
170 1/min. thereby controlling the surface temperature of the surface layer 
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10 to about 1300°C in a continuously growing state, as shown in Fig. 2. 
[0022] The silicon ribbon is first drawn as follows- A carbon net is 
previously wound on the surface layer 10 of the cooler 3, and drawn 
outward from the apparatus. Cooling is so started as to start rotating the 
rotary cooler when solid silicon starts to adhere onto the carbon net, and 
the carbon net is drawn outward synchronously with this rotation. The 
silicon ribbon is continuously drawn from a seed of the solid silicon growing 
on the carbon net. 

[0023] It was possible to continuously grow a silicon ribbon 8 having a 
width of about 10 cm and a thickness of about 0.5 mm to 1.0 mm by 
rotating this cylindrical rotary cooler 3 (diameter: 20 cm) at about 25 rpm. 
The rate for drawing the silicon ribbon is 3 to 15 m/min., and the rotational 
speed of the rotary cooler 3 is about 8 to 25 rpm. The apparatus for 
manufacturing a silicon ribbon is under an inert Ar gas atmosphere, and 
hence the surface of the drawn silicon ribbon has metallic luster. 
[0024] A substantially flat plane having metallic luster is obtained on the 
surface of the silicon ribbon not in contact with the surface layer 10 of the 
rotary cooler 3, and hence the surface of this state can be used as such for 
forming a junction by a diffusion method, epitaxy or a Schottky method or 
for forming a desired film. 

[0025] When the surface layer 10 of this rotary cooler 3 is flat, a 
substantially flat surface having roughness (irregularity) identical to that 
of the graphite surface is obtained to allow vacuum chucking necessary for 
a process of a solar cell described later, and a step of prixiting/alloying an 
aluminum electrode paste material for forming a back surface BSF for 
improving efficiency of the solar cell is also possible. 

[0026] The drawn silicon ribbon is chemically unreactive with the surface 
layer 10 of the rotary cooler 3 and does not adhere to the surface layer 10 at 
all or leaves a small amount of silicon fragments, and it is possible to 
completely remove silicon bits by mounting the ceramic wedge 5. The 
drawn silicon ribbon can be taken out through a gas-sealed slit portion on 
the wall of the apparatus through the guide roller 6. The thickness of the 
silicon ribbon is controlled through the flow rate of cooling gas fed to the 
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rotary cooler 3 and the rotational frequency of the rotary cooler. 
[0027] The crystal orientation of the grown silicon ribbon, dominated by the 
<112> direction due to the main crystal growth mediated by twins if the 
rotational frequency is at a low level of about 5 rpm (about 3 m/min.), 
exhibits random orientation when the drawing rate is further increased. 
[0028] Thus, the silicon ribbon prepared at the drawing rate of about 15 
m/min. (about 25 rpm) exhibits a considerably large crystal grain size of 
about 0.1 mm to 2.0 mm and has sufficient quality as the semiconductor 
substrate for a solar cell. 

[0029] In this apparatus, the cooler 3 has the small diameter of 20 cm so 
that the silicon ribbon curls with a curvature close to that of the rotary 
cooler immediately after the same is drawn out. However, this curling can 
be relaxed by increasing the diameter of the rotary cooler to at least 50 cm. 
[0030] The surface layer 10 of the rotary cooler 3, having a flat shape in the 
above description of Fig. 2, can be subjected to U-shaped or V-shaped 
working with a depth of 0.07 mm and a pitch of about 0.07 mm. When the 
surface of the cooler 3 is previously subjected to fine irregular or groove - 
shaped working in order to reduce reflection on a receiving surface of the 
solar cell, a silicon substrate having an inverse-irregular or inverse -groove 
surface can be prepared particularly effectively in a device such as a solar 
cell requiring to incorporate a larger quantity of light into the substrate. 
The silicon ribbon having the surface layer subjected to irregularization 
exhibits such a specific effect that an effect of confining incident light is 
increased due to the irregularization of the surface layer and a large 
quantity of incident light can be incorporated into the substrate so that 
light conversion efficiency can be improved. 

[0031] Table 1 shows the electrical characteristics of obtained silicon 
ribbons (grown through a rotary cooler under a surface temperature of 
about 1300°C). In Example (upper row) according to the embodiment of 
the present invention, the dimensions of the silicon ribbon are 100 mm by 
100 mm by 0.25 mm, the growth rate is 15,000 cm 2 /min., the substrate is of 
a P type, the specific resistance is 0.8 fl cm, and the lifetime is 10 |isec. In 
an example according to casting (prepared by poly crystallizing a silicon 
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melt as such by slow cooling), on the other hand, the dimensions of a cut 
wafer are 100 mm by 100 mm by 0.3 mm, the growth rate is 350 cm 2 /min., 
the substrate is of a P type, the specific resistance is 1 Q-cm, and the 
lifetime is 25 jisec. This indicates that the silicon ribbon according to the 
present invention has excellent electrical characteristics extremely close to 
the characteristics of the conventional cast substrate. A doping method for 
the silicon ribbon to the P type is carried out by adding a high- 
concentration Si pellet containing B (boron). 
[0032] 
[Table l] 





Dimensions of 
Semiconductor 
Substrate 
(mm) 


Growth 
Rate 

(cm 2 /min) 


Conductivity 
Type 


Specific 
Resistance 
(Q cm) 


Lifetime 
(jisec) 


Invention 


100 x 100 x 0.25 


15000 


Ptype 


0.8 


10 


Casting 


100 x 100 x 0.3 


350 


P type 


1 


25 



[0033] Further, Table 2 shows results as to an effect of purification of the 
silicon melt according to the present invention. When impurity elements 
were analyzed by inductively coupled plasma spectrometry while employing 
the inventive apparatus for manufacturing a silicon ribbon shown in Fig. 1 
with a raw material of metal- grade silicon, it was possible to purify the raw 
material by reducing impurity contents (unit- ppm) of 400 of Ca, 21 of B, 64 
of P, 230 of Fe, 450 of Al, 146 of Mn and 18 of Mg to 24 of Ca, 16 of B, 31 of 
P, 70 of Fe, 220 of Al, 3 of Mn and <1 of Mg respectively according to the 
present invention due to a purification effect (segregation). 
[0034] 
[Table 2] 



(unit- ppm ) 



Type of Impurity 


Ca 


B 


P 


Fe 


Al 


Mn 


Mg 


Inventive 

Semiconductor 

Substrate 


24 


16 


31 


70 


220 


3 


<1 


Metal- Grade 
Silicon 

(Raw Material) 


400 


21 


64 


230 


450 


146 


18 
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[0035] Then, a solar cell was prepared according to an ordinary method. A 
silicon ribbon was cut into 10 cm square with a YAG laser device. An 
exemplary procedure is a general technique such as etching of substrate 
texture etching -> P diffusion -> removal of oxide film — > formation of 
antireflection coating back etching — > formation of back electrode -» 
baking -» printing of front electrode — > baking — >. 

[0036] The solar cell obtained in this manner (about several cm 2 in a silicon 
ribbon conditioned to crack with an area of about 100 cm 2 ) exhibits 
excellent characteristics of an open-circuit voltage Voc of 590 mV, a short- 
circuit current Jsc of 29 mA/cm 2 , F.F. of 0.72 and conversion efficiency r\ of 
12.3 % in AMI as shown in Table 3, indicating that these are 
characteristics following those of a conventional CZ substrate and a 
conventional cast substrate. 
[0037] 

[Table 3] 





Op en -Circuit 
Voltage 
(mV) 


Short- Circuit 
Current Jsc 
(mA/cm 2 ) 


Fill Factor 
F.F 


Conversion 
Efficiency 
(%) 


Invention 


590 


29 


0.72 


12.3 


CZ Method 


620 


35 


0.75 


16.3 


Casting 


610 


33 


0.74 


14.9 



[0038] Fig. 3 shows results of an experiment made as to the relationship 
between the surface temperature of the cooler 3 and photoelectric 
conversion efficiency of a solar cell prepared from a grown silicon ribbon. 
Referring to Fig. 3, the horizontal and vertical axes show the surface 
temperature of the cooler 3 and the conversion efficiency of the solar cell 
respectively, while marks O indicate conditions causing no cracking of the 
silicon ribbon and marks A indicate conditions causing cracking of the 
silicon ribbon. While samples of the marks A exhibited characteristics 
with a small area with substrates cracked in preparation of cells, 
evaluation of the characteristics is not influenced. The internal stress of 
each substrate was increased and semiconductor characteristics of the 



substrate were lowered at the same time as the silicon melt was quenched 
in crystal growth. It is understood from the results shown in Fig. 3 that 
an excellent solar cell of a silicon ribbon is obtained when the temperature 
of the surface layer 10 of the rotary cooler 3 is in the range of at least 900°C 
(the rate for drawing the silicon ribbon at this time is about 15 m/min., and 
the rotational frequency is about 25 rpm). 
[0039] 

[Effects of the Invention] The apparatus for manufacturing a silicon 
ribbon according to claim 1 of the present invention, constituted of the 
silicon heating/melting part, the rotary cooler made of a heat-resistant 
material, the mechanism pressure-supplying the silicon melt to the outer 
peripheral surface of the rotary cooler with the pressure of a jet and the 
enclosure wall dipped in the silicon melt, can obtain a silicon ribbon having 
excellent flatness and superior electrical characteristics at a high drawing 
rate. It is possible to obtain a silicon ribbon particularly excellent in 
flatness on one surface not in contact with the rotary cooler. When made 
of high -density graphite, the rotary cooler can be operated at a high surface 
temperature close to the melting point of silicon. 

[0041] The apparatus for manufacturing a silicon ribbon according to claim 
3 of the present invention, characterized in that the said rotary cooler is 
made of high- density graphite and the surface of this rotary cooler is coated 
with a silicon nitride film, can hold the silicon melt in high purity and 
obtain a high-purity semiconductor silicon ribbon. Further, it is possible 
to continuously draw the silicon ribbon while preventing the silicon ribbon 
from adhering to the surface of the rotary cooler. 

[0043] Further, the method of manufacturing a silicon ribbon according to 
claim 5 of the present invention sets the temperature of the outer 
peripheral surface of the said rotary cooler to the temperature range of at 
least 900°C, can provide a method of obtaining an uncrackable silicon 
ribbon having a small number of crystal defects, large crystal grain sizes, 
excellent crystal flatness and superior electrical characteristics at a high 
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drawing rate. In addition, it is possible to provide a method of 
manufacturing a silicon ribbon having an excellent purification effect by 
positively utilizing segregation. 
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[Fig. 1] 




[Fig. 2] 
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